No-scale supergravity and the flipped SU(5)×U(1) gauge group provide an ambitious prototype string-inspired scenario for physics below the string scale, which can accommodate the Starobinskylike inflation favoured by observation when the inflaton is associated with one of the singlet fields associated with neutrino mass generation. During inflation, the vacuum remains in the unbroken GUT phase, and GUT symmetry breaking occurs later when a field with a flat direction (the flaton) acquires a vacuum expectation value. Inflaton decay and the reheating process depend crucially on GUT symmetry breaking, as decay channels open and close, depending on the value of the flaton vacuum expectation value. Here, we consider the simultaneous cosmological evolution of both the inflaton and flaton fields after inflation. We distinguish weak, moderate and strong reheating regimes, and calculate in each case the entropy produced as all fields settle to their global minima. These three reheating scenarios differ in the value of a Yukawa coupling that introduces mass mixing between the singlets and the 10s of SU(5). The dynamics of the GUT transition has an important impact on the production of gravitinos, and we also discuss the pattern of neutrino masses we expect in each of the three cases. Finally, we use recent CMB limits on neutrino masses to constrain the reheating models, finding that neutrino masses and the cosmological baryon asymmetry can both be explained if the reheating is strong.
Introduction
Inflation [1] is the dominant paradigm for explaining many cosmological puzzles, such as the size and age of the Universe, its (approximate) geometrical flatness, homogeneity and isotropy on large scales and the absence of many unwanted relics from the Big Bang. Models of inflation commonly postulate a scalar field, the inflaton, whose potential energy drives inflation and whose quantum fluctuations generate deviations from flatness, homogeneity and isotropy. These are thought to have generated the perturbations measured in the cosmic microwave background (CMB), which are in turn thought to be the origins of the structures that formed in the Universe subsequently. These perturbations may be of two types, scalar or tensor. In many models of inflation these perturbations are expected to be approximately Gaussian and have an almost scale-invariant spectrum. CMB measurements are consistent with these generic predictions of cosmological inflation, with the proviso that so far there are only upper limits on the ratio r of tensor to scalar perturbations [2] [3] [4] .
The upper limit on r and measurements of the amount of scale-non-invariant tilt n s in the spectrum of scalar perturbations exclude many simple models of inflation involving, for example, potentials that are monomial functions of canonically-normalized scalar fields. However, the CMB measurements are completely consistent with the earliest model of inflation, proposed by Starobinsky [5] , in which the standard Einstein-Hilbert action for general relativity is modified by the addition of an R 2 term. Cosmological perturbations in this model were first calculated by Mukhanov and Chibisov [6, 7] , and it was shown that the Starobinsky model is equivalent via a conformal transformation [8] to a theory in which the Einstein-Hilbert action is supplemented by an inflaton field with a potential that is asymptotically flat at large field values.
One of the most interesting aspects of cosmological inflation and the CMB is that it offers a window on physics at energy scales far beyond the direct reach of accelerators, and potentially within a few orders of magnitude of the scale at which quantum-gravitational effects become important. This has motivated many studies of inflationary models motivated by theories of quantum gravity, with string theory being foremost among them. One may follow this line of thought in either of two directions: either top-down -looking for an inflaton candidate within some specific string model, or bottom-up -taking a phenomenological approach based on general features expected in effective low-energy field theories derivable (in principle) from string theory.
In this paper we take the latter approach, studying a model of inflation formulated in the framework of no-scale supergravity [9, 10] -which is known to be the general form of fourdimensional effective field theory derivable from string theory that embodies low-energy supersymmetry [11] , and assuming that the sub-Planckian visible-sector gauge symmetry group is flipped SU(5)×U(1) [12] [13] [14] -which has been derived in explicit four-dimensional string models [15, 16] . A supersymmetric framework is desirable to keep the scale of inflation naturally small compared with the Planck scale [17] , as indicated by the small magnitude A s of the scalar density fluctuations. We recall also that the scale of inflation may be comparable with the scale of grand unification, and flipped SU (5) has been shown [18] to contain interesting inflaton candidates.
No-scale supergravity initially attracted attention as an interesting framework for constructing models of inflation [19, 20] because it yielded naturally a flat potential with no anti-de Sitter 'holes', resolving the so-called η problem. Interest in no-scale inflation was renewed when it was shown [21] [22] [23] to accommodate comfortably values of the tensor-to-scalar ratio r and the scalar tilt n s that were very compatible with the most recent measurements using the Planck satellite [2] [3] [4] , and potentially very similar to the values predicted [6] by the original Starobinsky model [5] .
This success motivated us to study [18] the possibility of no-scale inflation within the framework of flipped SU(5) [12] [13] [14] [15] [16] [24] [25] [26] 1 . Flipped SU(5) models of inflation outside the noscale framework were considered in [28] . We showed in [18] that the available measurements of n s , in particular, imposed important constraints on model parameters such as the Yukawa couplings, leading also to significant implications for the model's predictions for neutrino masses [24] [25] [26] . The model has several scalar fields, so important topics in [18] included the identification of the inflaton and the behaviours of this and other scalar fields during and after inflation. In particular, we considered various scenarios for baryogenesis, reheating and the GUT phase transition, arguing for strong reheating, which would avoid excessive entropy production that might dilute the baryon asymmetry.
We consider in this paper the detailed and coupled evolution of the inflaton and the flaton that is responsible for GUT symmetry breaking. Because of finite-temperature corrections to the GUT Higgs potential, the details of GUT symmetry breaking depend on reheating, which in turn depends on the strength of one of the Yukawa couplings of the inflaton to the Higgs and matter. We consider in detail the implications for gravitino production, CMB observables and neutrino masses of different scenarios for the reheating.
The structure of the paper is as follows. In the next Section, we outline the basic framework for our no-scale flipped SU(5)×U(1) model, and describe the GUT phase transition in Section 3. The bulk of our results are given in Section 4, where we describe the effects of reheating on the evolution of the flaton and its subsequent production of entropy. We distinguish between strong, moderate and weak reheating scenarios. Among the consequences of the different reheating scenarios is the production of gravitinos which are produced during reheating and subsequently diluted by flaton decay, which is discussed in Section 5. Constraints on the model from the CMB and neutrino masses are discussed in Sections 6 and 7 respectively. Our summary and conclusions are given in Section 8.
No-Scale Flipped SU(5)×U(1)
The no-scale flipped SU(5) × U(1) model we consider was described in detail in [18] , so here we describe only its essential features.
The field content of this flipped SU(5) × U(1) GUT consists [12] [13] [14] [15] of three generations of Standard Model (SM) matter fields, each with the addition of a right-handed neutrino and arranged in a 10,5, and 1 of SU (5) . The assignments of the right-handed leptons, as well as the right-handed up-and down-type quarks, are "flipped" with respect to standard SU(5).
The SU(5)×U(1) GUT group is broken to the SM group via 10+10 Higgs representations of SU (5) , and subsequently to the unbroken SU(3) × U(1) symmetry via electroweak doublets in 5 +5 representations. Our notations for the fields and their gauge representations are as follows: 
where the subscripts i = 1, 2, 3 are generation indices that we suppress for clarity when they are unnecessary. The model also employs four singlet fields, which have no U(1) charges and are denoted by φ a = (1, 0), a = 0, . . . , 3.
The superpotential of the theory has the following generic form up to third order in the chiral superfields: 
where the indices i, j run over the three fermion families, for simplicity we have suppressed gauge group indices, and we impose a Z 2 symmetry
that prevents the mixing of SM matter fields with Higgs colour triplets and members of the Higgs decuplets. This symmetry also suppresses the supersymmetric mass term for H and H, which has the advantage of suppressing dangerous dimension-five proton decay operators. The Kähler potential for the model is assumed to have the no-scale [29] form
where T is the volume modulus. Therefore, in the absence of any moduli dependence of the gauge kinetic function, the scalar potential will have the form
where W i is the derivative of the superpotential with respect to the ith superfield, and the D-term part of the potential in the limit of vanishing SM non-singlets has the form
There is a SM singlet that is a linear combination of ν c H and ν cH , and is massless in the supersymmetric limit due to the presence of an F -and D-flat direction in the potential. We denote this combination by Φ, and refer to it as the flaton. The symmetric minimum at the origin of this flat direction is destabilized by a soft supersymmetry-breaking mass term, and the SU(5) × U(1) GUT symmetry is broken along this direction. The resultant symmetry-breaking pattern is
The flat direction is lifted by a non-renormalizable superpotential term of the form
where M P ≡ (8πG N ) −1/2 denotes the reduced Planck mass. The effective potential for the flaton field is
where m Φ denotes the soft mass of Φ. By minimizing this potential, we have
Therefore, to obtain a GUT scale vacuum expectation value (vev) with an O(1) λ, we should have n ≥ 4. Once the flat direction is lifted, we expect the flaton (and flatino) mass to be of order the supersymmetry-breaking scale. For further details, see [18] .
The GUT Phase Transition
As discussed in [18, [30] [31] [32] , the onset of the SU(5)×U(1) → SU(3) C ×SU(2) L ×U(1) Y GUT symmetry-breaking phase transition is determined by the difference in the number of light degrees of freedom, g, between the symmetric and Higgs phases of the theory. The light superfields that remain massless in the broken phase contribute to the temperature-dependent correction to the effective potential as follows:
Under the assumption that the chiral and vector couplings that determine the flaton-dependent masses are O(1) in the strong-coupling domain, a phenomenological fit to the temperaturedependent correction to the effective potential can be written in the form where N Φ denotes the number of Φ-dependent massive superfields in the corresponding regime. Figure 1 shows the resulting shape of the effective potential as a function of Φ for 0.03 ≤ T /Λ c ≤ 1.2. We have used a smooth logistic function to interpolate g and N Φ around the strong-coupling-transition scale Λ c 2 . A similar interpolation is used to approximate the integral in (12) . In order to track the evolution of the instantaneous vev of Φ, we have added the thermal correction to the non-thermal effective potential V non-th (Φ) in Eq. (9) . The location of the local minimum near the origin is shown in Fig. 2 . Note that for 1 T /Λ c 0.03, this minimum is metastable, separated from the true vacuum by a shrinking barrier that finally disappears for T 0.03 Λ c .
The presence of a barrier separating the metastable minimum from the global minimum at low temperatures suggests that the phase transition could be driven by different mechanisms, 2 The value of Λ c depends on the details of the strong coupling phenomena and has been discussed in some detail in [18, 32] . Reasonable estimates for Λ c lie between 10 8 and 10 14 GeV. 
Incoherent flaton
If the height of the potential barrier is smaller than the thermal kinetic energy of Φ, the incoherent component of Φ will drive the transition, destroying any coherent contribution and displacing Φ to the low-energy vacuum within a Hubble time. As the universe continues to cool down, the energy density of Φ will simply redshift as radiation. We will refer to this scenario as strong reheating. Let us denote by M GUT ≡ Φ T ≪Λc the vev of the flaton in the Standard Model vacuum. Quantitatively, if we denote by δV eff the height of the left side of the barrier, δV eff = V max eff − V meta eff , and we call the height of the right side of the barrier V 0 = (
GUT (see Fig. 1 ), the transition will be completed incoherently if/when π 2
30
T 4 ≥ δV eff and π
ForΦ 2 ∼ T 4 > δV eff , V 0 , we expect that within a Hubble time (∆t ∼ H −1 ), ∆Φ ∼ T 2 /H M P and incoherent fluctuations drive the transition. The first condition in (13) can be solved numerically, and leads to T 0.47 Λ c , while the second condition requires that
(see Fig. 3 ). These two constraints can be satisfied simultaneously only if [33] Λ c 2.
For n = 4, corresponding to the value used in the figures, this constraint on Λ c becomes,
GeV and M GUT = 10 16 GeV. In order to simplify the notation in the following sections, we introduce for convenience the following notation
for the geometric mean of the flaton mass and its vev.
Coherent flaton
If reheating is not strong, but we still have T > Λ c at some time after inflation, the incoherent component is incapable of driving the transition. However, since the height of the barrier separating the two vacua decreases continuously as T decreases, Φ could potentially go over the barrier through the accumulation of small thermal fluctuations before it completely disappears, i.e., through a first-order phase transition driven by "thermal tunnelling". However, since the barrier is very wide, and the temperatures at which the transition would be most favoured are low, T ≪ Λ c , one can verify numerically that the Euclidean action for the O(3)-invariant bounce solution [34] S 3 = 4π r 2 dr 1 2
(where r 2 = x 2 ) is always much larger than the corresponding temperature. As an example, right before the barrier vanishes we obtain S 3 /T ≃ 2 × 10 7 , so that the transition rate is Γ T /H ∼ e −S 3 /T ≪ 1. Therefore, it is safe to say that when the constraints (14) and (16) for strong reheating are not satisfied, with T > Λ c initially, the GUT phase transition is of the second order, driven by the classical rollover of Φ down the potential following the disappearance of the metastable vacuum at T ∼ 0.03 Λ c . We refer to this scenario as moderate reheating.
Note that if T is always smaller than Λ c after inflation, a barrier appears that might trap Φ near the origin. Its presence would delay or prevent the completion of the phase transition 4 . We refer to this low-temperature scenario as weak reheating. In summary, the reheating scenarios we consider are classified into three categories: strong, moderate, or weak reheating. The criteria for the classification are summarized in Fig. 4 , and we discuss each case in detail in the next Section. 
Two-Step Reheating
The inflaton is assumed to be a linear combination of the singlets φ a , denoted by S. Specifically, in the basis where µ ab is diagonal, the inflaton corresponds to the lightest state φ 0 with mass m s ≃ 3 × 10 13 GeV, whereas the other three eigenstates are assumed to have masses at the GUT scale. 5 In this case, the vevs of the φ a are all driven rapidly to 0 during inflation. Starobinsky-like inflation occurs when µ 00 = m s /2 and λ 000 8 = −m s /(3 √ 3M P ) along the real direction of S, which we denote as s, where m s denotes the inflaton mass. In [18] we discussed two possibilities for the inflaton-neutrino coupling. If λ i0 6 = λ i 7 = µ 0i = 0 (which is true when R-parity is exact), the fermionic component of S does not mix with neutrinos. Alternatively, it is possible that one linear combination of the φ a (denoted by φ a ′ ) acquires a vev. In this case, λ a ′ 7 provides a µ term for the weak-scale Higgs doublets. If λ ia ′ 6 = 0, R-parity violation is suppressed. However, if λ i0 6 = 0, the inflaton will couple to F i . We return to the question of neutrino masses in Section 7 but, for now, we restrict our discussion to the latter scenario (called B in [18] ).
The coupling of the inflaton to light degrees of freedom is dependent on the degree of GUT symmetry breaking. As we discuss in Section 4.1, for Φ < m s , the inflaton decays primarily to various components of the matter and Higgs 10-plets F i and H. Since many of these final states become kinematically forbidden for Φ > m s , the decay is completed through the ν c i Φ channel. Note, however, that the magnitude of the flaton vev is determined by the temperature of the plasma of decay products, which is in turn determined by the decay rate and by the number of light degrees of freedom present in the thermal bath. This circularity of the analysis requires a careful account of the reheating process, which is presented in Section 4.2.
Inflaton decay channels

Inflaton decay with a non-vanishing flaton vev
We studied in [18] the decay of the inflaton into leptons of the first generation 6 in the presence of a large flaton vev, Φ > m s . This decay channel arises from neutrino-inflaton mixing, and proceeds with the rate
where the mixing angle is given by
and the eigenmasses of the heavier states related to ν c 1 and the fermionic partner of S,S, can be written as
5 If we consider a scenario in which the vev of a singlet field gives rise to the µ-term of h andh, then the singlet field becomes the lightest and the inflaton corresponds to the second lightest state.
6 Decays into either the second or third generation are constrained by a combination of the reheating temperature, which constrains the coupling λ ij 2 sin θ, and the sum of neutrino masses. It was found in [18] that these constraints are most relaxed when i, j = 1 (in a diagonal basis).
If we further assume that |λ 10 6 Φ | ≪ m s , as we justify below, the decay rate can be rewritten as
or, in terms of the effective Yukawa coupling y = (8πΓ s /m s ) 1/2 ,
Here we have made use of the fact that λ
The subscript on y indicates the dependence of the decay rate on λ 2 .
Inflaton decay with vanishing flaton vev
When Φ < m s , the inflaton decays to F andH, with a rate given by
The effective Yukawa coupling in this case is
where the superscript on y 6 refers to the case of a small vev for Φ, Φ ≪ m s . However, many of the final-state decay channels disappear if/when Φ becomes larger than m s , since the fields inH obtain masses ∝ Φ , and these final states becomes kinematically forbidden. (24) is absent the inflaton decay rate becomes
Thus, as the symmetry is broken the inflaton decay rate drops by a factor of ≃ 20, and once the symmetry is broken, the effective Yukawa coupling is
where now the superscript on y 6 refers to a GUT scale vev for Φ. Comparing the couplings in Eqs. (23) and (27) , we see that even the late decays are dominated by the single channel in the FH final state and decays into Lh can safely be ignored. 7 An exception to this conclusion occurs when λ 10 6 ≫ m s /2 Φ . In that case, the mass of ν c i is also larger than m s , and all ten F iH channels are forbidden after symmetry breaking. However, in that case, as we discuss below, the decay of the inflaton is complete before the GUT transition occurs.
Reheating
We consider next the evolutions of the energy densities of the inflaton and its decay products, the temperature of the latter, as well as the evolution of Φ. As the FH decay rate (24) is in principle sensitive to the Yukawa couplings for all three lepton generations, for definiteness we focus only on the case i = 1. In order for the analysis to be complete it is necessary to note that, immediately after inflation, the Universe starts in a super-cooled state, T → 0. Assuming that the decay products of the inflaton thermalize instantaneously, their instantaneous temperature grows rapidly as the inflaton s begins oscillating and decaying, until it reaches its maximum value T max , after which it decreases to T reh and below [35] [36] [37] . In [18] , we assumed that inflaton decay was dominated by the decay channel with effective Yukawa coupling y 2 in Eq. (23) . However, during inflation and, more importantly, when exponential inflationary expansion ends, Φ = 0, and y 2 = 0. As the fields evolve, and the flaton picks up its vev, this channel opens up again, though it does not dominate the decay. 8 In order to ascertain the history of the reheating process, we must track the dynamics of the flaton as the temperature grows past Λ c , and then as it decreases below it, simultaneously with the evolution of the inflaton.
Increasing temperature
At the end of inflation, as the first oscillations of the inflaton begin to decay, the temperature of the radiation produced by inflaton decay rises to a maximum temperature. For definiteness, we make a series of simplifying assumptions. The first assumption is that of a discontinuous inflation → reheating transition. Disregarding for now the coupling of the inflaton to the other singlets φ i (which is justified for λ during inflation. Immediately after inflation ends, when the acceleration of the cosmological scale factor,ä = 0 orṡ 2 = V (s), we writë
during reheating, i.e., we assume that the decay rate turns on instantaneously 9 . Next we approximate the energy density of s by its average value during oscillations. With ρ s = ṡ 2 /2 + V ≃ ṡ 2 , we can average (29) to obtain the system of equations that determines 8 If we instead couple the inflaton field to the third generation (i = 3), the y 2 decay channel will dominate the decay after the phase transition; in this case, y 2 ≃ y t M GUT |λ 30 6 |/m s , which is much larger than y
However, as we will see, if we couple the inflaton to the third generation, light neutrino masses will be too large unless λ 6 0.01. But in this case, the reheating is complete before the GUT transition occurs, negating the utility of the potentially stronger coupling y 2 .
9 In practice, this is a safe assumption that is almost always made in the literature, since any decays occurring before the end of inflation are redshifted away by the continuing accelerated expansion.
the transfer of energy from the inflaton s to its decay products γ:
For fixed Γ s this system of equations can be solved formally [38] :
where
In terms of the parameter
the energy density of the relativistic decay products at very early times, v ≪ 1, can be approximated by [37] 
The maximum of ρ γ , and therefore of T , is found for
Alternatively, in units of the inflaton mass, T max is reached when m s (t − t end ) = 2.21, i.e., within the first oscillation of the inflaton, independently from the decay rate Γ s . At even earlier times, v ≪ A, Eq. (37) predicts the following scaling of the temperature with time:
During inflation, the flaton vev is kept at zero due to the large induced mass, m
Therefore, as reheating begins, Φ = 0 and the inflaton starts decaying through the FH channel, governed by λ 6 (or the effective Yukawa coupling, y 0 6 , given by Eq. (25)). For T Λ c , the form of the effective potential ensures that this is the dominant decay channel. However, for 0 < T Λ c the effective potential favors Φ ∼ M GUT . Therefore, if Φ can roll 10 a significant distance away from the origin before T ∼ Λ c , the GUT symmetry 10 At this stage thermal effects are not expected to lead to a loss of coherence for the flaton. given by Eq. (27)), at least for a while until T grows past Λ c . In units of Γ −1 s , the amount of time it takes to reach this critical temperature is given by
according to (39) . With g = 1545/4 in the unbroken phase and ρ end ≃ 0.175m
−23 , which implies that the broken phase is not realized before T max . This time scale is much smaller than that determined by the Hubble parameter, since H ∼ m s :
Moreover, the induced thermal mass for Φ is too small to allow for a fast roll of the field, H ≫ T . (29), (31) and (32) 
with the effective potential given by a logistic interpolation of (12) . The instantaneous temperature corresponds to
where the effective number of relativistic degrees of freedom depends on the masses of the fields present in the thermal bath, which are in turn determined only by the vev of the flaton, assuming T is above the EW phase transition. For simplicity, we have chosen the parametrization
for the number of degrees of freedom in the unbroken and broken GUT phases. In all cases we observe a static flaton for T < Λ c , confirming that the SU (5)×U (1) symmetry is unbroken for v < v max . In order to explore the possible roll of the flaton we have assumed the non-vanishing initial condition Φ/Λ c = 10 −10 , though our results would be similar for other choices of Φ/Λ c 1.
Fig . 6 shows the dynamics of the inflaton, the temperature and the flaton at slightly later times when T ∼ T max for the same values of λ fourth panel show that the flaton remains at in the unbroken minimum beyond v max , for our two nominal choices of Λ c . Before we continue with the evolution of the fields beyond v max , let us bear in mind two assumptions we have made that could in principle affect our results:
1. Our results assume that Γ s turns on instantaneously after inflation. Some quantities may depend on the validity of this assumption (the value and location in time of T max , for example). However, as noted earlier, any decay products generated before t end would redshift away quickly and we do not expect this assumption to have a large effect on our results.
2. The assumption of instantaneous thermalization is most likely incorrect. While thermalization is rapid on the time scale associated with T reh [37, 39, 40] , at the very early times prior to v max , this assumption can be questionable [41] . Note that the gauge coupling constant α c ≃ 0.0663 ≪ 1 at the time of formation of bound states. This delay in thermalization may allow the flaton to evolve away from the unbroken phase, as the maximum temperature would now be reached at later times. Of course, one would then have to consider the non-thermal correction to the effective potential due to in-medium effects. We note that large Yukawa couplings would hasten thermalization and thus our approximation may well be justified.
After the maximum temperature T max is reached, the combination of the redshift during expansion and the continuous replenishing of relativistic particles into the plasma from s decay lead to an overall decrease of T . For A ≪ v ≪ 1 [37, 42] ,
Unlike earlier times with increasing T , the time dependence of the temperature is gentle, potentially allowing for the phase transition to occur before the end of reheating, where
Such a possibility is dependent on whether reheating is strong, moderate or weak. Note also that T max ≈ 1.2 T reh y −1/2 and y ≈ 3.2 λ 10 6 when Φ ≪ m s . In the next Section we focus on the strong reheating scenario, with moderate and weak reheating being explored in Section 4.2.3.
Strong reheating
As we discussed in Section 3.1, if Λ c 2.4 Ď M and both conditions (14) and (16) g max 1545/4
reheating proceeds through all of the F 1H final-state channels until the temperature drops below the limit imposed by the magnitude of δV eff . If in addition the reheating temperature is larger than 0.47 Λ c , then the phase transition is not completed until after the end of reheating, and the entire duration of the decay of the inflaton s occurs in the symmetric phase. In terms of the Yukawa coupling, this condition is equivalent to
Fig . 7 shows the evolution of the instantaneous temperature in units of Λ c (upper panel) and the relative inflaton and radiation energy densities (lower panel) as functions of the dimensionless time
for λ 10 6 = 10 −4 and Λ c = 10 Ď M. At early times, v ∼ 10 −8 , the instantaneous temperature of the relativistic plasma reaches its maximum temperature, which is well above the phase transition temperature, T max ≃ 10 2 Λ c . As the decay of the inflaton s into F 1H proceeds, the temperature decreases following the relation (45) , until the energy density ρ s is mostly depleted, and the universe becomes dominated by radiation at v ∼ 1. At a slightly later time, v ≃ 1.5, the location of the metastable minimum becomes equal in magnitude to the temperature, Φ ≃ T , and we therefore assume that the number of degrees of freedom changes from its value in the unbroken phase to its value in the broken phase, in accordance with (44) . This results in a slight increase in the value of T (or, more accurately, a slight delay in the decrease of T ). At an even later time, v ≃ 13, when T ≃ 0.47Λ c , the condition (14) is satisfied and the GUT phase transition occurs, driven by the incoherent growth of Φ. The decay of the inflaton switches then from the F 1H channel to solely ν c 1 Φ, with a smaller decay rate. As a result, the rapid decrease of the relative density Ω s momentarily stops, since the remaining inflaton energy density redshifts more slowly than radiation, ρ s ∼ a −3 vs. ρ γ ∼ a −4 . Nevertheless, the decay of s becomes almost immediately effective again and the universe does not cease to be dominated by radiation, given that the condition Γ s→ν c 1 Φ (t − t end ) ∼ 1 corresponds to v ∼ 20. Note that the transition has no noticeable effect on the evolution of T .
As we indicated earlier, when λ 10 6 ≫ m s /2 Φ ≃ 1.5×10 −3 , all ten final state channels are cut off when the GUT phase transition occurs. But for λ 10 6 this large, reheating is complete before the transition. As an example, we also consider in Fig. 7 , the case with λ shown by the dashed lines. In the upper panel, the temperature is higher (recall T max scales as λ 1/2 6 ) and the feature due to the change in degrees of freedom disappears. In the lower panel the second round of decay is gone as all ten channels shut down together.
When the weaker condition T max 0.47 Λ c T reh is realized, the SU(5)×U(1) phase transition takes place during reheating, and the decay channel (26) switches on, while the decay (24) switches off. For strong reheating, in terms of the Yukawa coupling, this regime takes place if
The flaton will be sequestered in the symmetric minimum until the temperature falls below Λ c . In the absence of coherence, the vev of the flaton will suddenly transition to the symmetry-breaking minimum as soon as T 0.47 Λ c . Fig. 8 depicts the time-dependence of the temperature and the energy densities of the inflaton and radiation for λ 10 6 = 10 −6 and Λ c = 10 Ď M , well within the interval given by (51) . As expected, the maximum temperature is above the transition threshold, T max ≃ 11 Λ c . In the absence of a phase transition, the decay of the inflaton would be approximately complete around v ∼ 1, as can be checked by extrapolating the trend shown in the lower panel for Ω γ before the GUT → SM transition occurs (i.e., Ω γ would have risen to ∼ 1 at v ∼ 1). When this transition happens (at v ∼ 10 −6 ), the flaton is driven incoherently to the SM minimum, and the decay of s switches from F 1H to ν c 1 Φ production, with a smaller rate. As a result, the previously created radiation density is diluted away by expansion until the inflaton decay "catches up" at v ∼ 10 
the phase transition will occur as soon as the radiation background and the flaton thermalize, assuming that this occurs for T ∼ T max . However, as we discussed in section 4.2.1, the instantaneous thermalization of the flaton is unlikely, and in the absence of a non-thermal correction of the effective potential we can only ensure that the breakdown of symmetry will occur incoherently if the condition (15) is satisfied when the decay products of the inflaton thermalize at the temperature T th , which can be T th ≪ T max [40, 41, 43] . We note, however, that a small value of λ 10 6 in this case is disfavored by the consideration of neutrino masses as discussed in Section 7, and thus the uncertainty coming from a lack of a non-thermal correction of the effective potential is practically unproblematic in our scenario.
For Yukawa couplings |λ of the transition. As T max < Λ c , this case corresponds to the weak reheating scenario 11 . Fig. 9 shows the time-dependence of T and Φ for λ Fig. 1 ). Due to the large curvature of the potential near the barrier, the flaton performs high-frequency oscillations that make it difficult to track numerically its evolution until the end of reheating and beyond. It is therefore unclear if the flaton remains trapped in this false vacuum, or if its appearance is merely a manifestation of the number of approximations made in constructing the effective potential V eff . At any rate, at face value, it appears that the decay of the inflaton remains controlled by the F 1H channel even for T ≪ Λ c , and the ν c 1 Φ channel will dominate only during the later stages of reheating, if at all. If the flaton is indeed trapped, symmetry breaking must occur through tunneling and (in all likelihood) excludes this as a viable scenario. We again note that this case is disfavored by neutrino masses due to a small λ 10 6 and thus the uncertainty in the flaton evolution is practically insignificant.
As we have discussed in this Section, if the strong reheating constraints (14) and (16) are satisfied, the energy density of the flaton is dominated by incoherent thermal fluctuations. After the phase transition is completed, the temperature of the universe continues to decrease, and the interactions that kept the flaton in thermal equilibrium cease to be efficient. If we denote the decoupling temperature as T dec , the non-equilibrium temperature profile of Φ evolves as
1/3 , with T the temperature of the radia-tion background. At even later times, when m Φ > T Φ , the flaton becomes non-relativistic, and the universe eventually becomes matter-dominated until the decay of Φ. The Hubble parameter during Φ domination is then given by
The decay rate of the flaton was calculated in [32] . It proceeds via effective D-term diagrams, leading to the decay rate
The flaton decays approximately when H ∼ Γ Φ , or equivalently when the flaton temperature is
The temperature of the relativistic decay products of Φ will in turn be given by
Here we have neglected the delay arising from the conversion of the heavy supersymmetric decay products into the truly relativistic Standard Model particles. Since the ratio T ′ reh /T dΦ > 1 for m F,f,ℓ c ,φa 10 TeV and λ 1,2,3,7 1, the decay of the incoherent flaton results in a net increase of the entropy of the radiation background. The amount of entropy released can be estimated as follows,
This large amount of dilution will have important consequences for the present-day baryon asymmetry, the gravitino decay products and CMB observables, as we discuss further below. Notice that ∆ is independent of the inflaton decay rate, more specifically of λ 
Moderate (weak) reheating
If Λ c 2.4 Ď M, thermal fluctuations are incapable of driving the breakdown of the SU(5) × U(1) symmetry, and in this subsection we take Λ c = 0.4 Ď M as an example. In this case, the transition is completed by the classical rollover of the coherent flaton Φ down to its global minimum. As we discussed in Section 3.2, in this case the GUT phase transition is of the second order, if completed. For T max Λ c , the transition is guaranteed to be completed during or after reheating (moderate reheating), while for T max Λ c , the flaton may remain trapped in the false vacuum until well after reheating is complete (weak reheating).
In analogy with the strong reheating scenario, if T reh 0.03Λ c , or equivalently, if (T reh 0.03Λ c ) |λ
the decay of the inflaton is completed before the phase transition occurs; at all times v < 1 the decay proceeds through all of the F 1H final-state channels. Due to the finite size of the barrier δV eff , the rollover of Φ to its true low-energy vacuum is delayed until well after V ′′ eff /H 2 ∼ 1. More precisely, in the radiation-dominated universe, the phase transition will be completed when T ≃ T reh v −1/2 ≃ T reh (a reh /a) ∼ 0.03Λ c . With the Hubble parameter during radiation domination given by
and denoting by the subindex "Φ" the quantities evaluated at the transition time, we obtain the following result for the Hubble-to-mass ratio,
(60) This ratio is much smaller than one independently of the value of |λ 10 6 |. This implies that, well before the phase transition, the flaton does not adiabatically track the position of the instantaneous minimum, but instead tracks it while continuously oscillating about it. This in particular makes it numerically challenging to follow the dynamics beyond v ∼ 1. Moreover, following the transition, the flaton begins large amplitude oscillations about its minimum, which are very underdamped, and which begin much later than the naive estimate H Φ ∼ m Φ . Therefore, it is to be expected that these oscillations will eventually dominate the energy budget of the universe until the decay of the flaton, the moment at which a large amount of entropy will be released. We can estimate the amount of entropy released by noting that, at Φ-radiation equality, the flaton and radiation energy densities will be given by
where the scale factor at equality is denoted by a * . We can then evaluate the ratio
Note that because of the delay in the phase transition, a Φ is much larger than it would have been had the transition occurred when H ∼ m Φ . As a result, a * /a Φ is greatly reduced and, as we will see, the amount of entropy production will be greatly enhanced. The Hubble parameter during Φ domination is given by
Since the decay of the flaton occurs at H ∼ Γ Φ , we can compute the energy density ratio at decay as follows,
With the entropy density in radiation given by s γ = 4/3(g reh π 2 /30)
γ , and a similar expression for the entropy density produced from Φ decays, we can finally evaluate the entropy release due to the decay of the flaton
10 TeV
Note that this estimate is independent of the value of |λ 10 6 |, indicating that an enormous amount of dilution due to entropy release is to be expected following the decay of Φ if the phase transition is completed following the end of reheating. Given the enormous dilution factor in (66), we do not display the evolution of the fields for this case.
If T max 0.03Λ c T reh one would expect the GUT phase transition to be completed coherently during reheating. However, unless T max Λ c , the flaton will not have a chance to roll from the false vacuum toward the global minimum before getting trapped by the barrier that appears for T ≪ Λ c , as we discussed in sections 3.2 and 4.2.2. In terms of the Yukawa coupling, this moderate reheating regime is realized for 
When this is the case, the reheating temperature is given by (46) with y = y Φ 6 ≃ λ 10 6 / √ 2 as per (27) . Therefore, the temperature between T max and T reh will be related to the reheating temperature by
The factor (y 0 6 /y Φ 6 ) 1/2 ≃ (20) 1/4 accounts for the fact that before the transition the inflaton decay rate is proportional to y 0 6 2 whereas after the transition which occurs at a Φ , the decay rate is reduced to being proportional to y Φ 6 2 and less energy is pumped into the radiation bath. Recall also that T reh is now defined in terms of y Φ 6 . Similarly, when δV eff → 0 and Φ > m s , |V
where we have used H 2 = (4/9)Γ 2 s (a reh /a) 2 corresponding to expansion dominated by inflaton oscillations, and where v Φ = Γ s→ν c 1 Φ (t − t end ). The rollover of the flaton Φ to its true lowenergy vacuum will occur when T ≃ 0.03Λ c , or when |V ′′ eff | 1/2 /H ∼ 10, whichever happens later.
12 That is, we use (68) with a < a Φ . However for small m Φ , the transition may be further delayed and thus we must compare both determinations of a Φ . In the light of the previous two equations, this is equivalent to
2 reh
where we have used g reh = 915/4. Assuming that the oscillations of Φ eventually dominate over the radiation background until the decay of the flaton, we can then write
to obtain finally the amount of entropy dilution due to the decay of Φ,
2 reh 
12 The condition |V Fig. 10 shows the dependence of the entropy dilution factor ∆ on the Yukawa coupling λ 10 6 for moderate reheating. The solid curve corresponds to the full result given by Eqs. (66), (73) and (74), while the dashed curve corresponds only to (74) , which ignores the delay in the phase transition due to the presence of the barrier of height δV eff for T 0.03Λ c . This latter result corresponds to that calculated in [18] . Note that, as expected, the amount of entropy production is smallest in the case when the transition happens close to v max . For |λ 10 6 | 3 × 10 −10 , the dilution factor is enhanced due to the delay of the transition, as the flaton starts oscillations late, resulting in a large energy density for Φ at the moment of its decay. Recall that for |λ 10 6 | < 1.2 × 10 −11 , the transition is never completed. Also shown in Fig. 10 is the entropy production in the strong reheating case taken from Eq. (57) with Λ c = 10 Ď M. As one can see, the dilution factor is always larger in the moderate reheating case (with Λ c = 0.4 Ď M) than that in the strong reheating scenario, inevitably leading to the severe washout out of any prior baryon asymmetry. Note also that the strong reheating result (57) is independent of Λ c and therefore serves as an estimate of the entropy released by the decay of the thermal flatons produced by inflaton decay. to Φ/Λ c ∼ 1 by tracking its instantaneous local minimum. At v ≃ 10 −10 , T = Φ and the number of degrees of freedom changes in accordance with (44) . The rate of decrease in T is then slowed down until it agrees with the corresponding equilibrium value. At a later time, v ≃ 5 × 10 −4 , the rapid rollover of the flaton to the SM vacuum is observed; it occurs around T ∼ 0.03 Λ c , in agreement with Fig. 2 . Note that the sudden rollover is followed by underdamped oscillations of Φ about the global minimum with large amplitude, as seen in the inset plot. This is explained by the fact that, by the time the transition is completed, the Hubble parameter has decreased by a factor of ∼ 10 13 since T = T max , and is much smaller than the instantaneous curvature (mass) of the potential. After the transition the temperature decreases with a larger rate, as the decay of s, which is not yet complete, switches from F 1H to the ν c 1 Φ channel. With a smaller decay rate, the radiation energy density present in the Universe is diluted by expansion without significant production, until the decay becomes "operative" at later times, similarly to what occurs in the strong reheating case shown in Fig. 8 . However, unlike the latter case, the large-amplitude, large-frequency oscillations of the coherent flaton do not allow us to easily track the dynamics of the inflaton-radiationflaton system up to and beyond the end of reheating.
In Fig. 12 , the dynamics of the temperature, the coherent flaton and the Hubble parameter are shown for a coupling near the moderate-weak reheating boundary, λ and Λ c = 0.4 Ď M. Note the similar evolution to that shown in Fig. 9 : the flaton tracks the instantaneous minimum of the effective potential but does not grow past the temperature, turning around instead and oscillating in the false vacuum, excluding this as a viable scenario.
Gravitino production
We now proceed to track the production of gravitinos during reheating [24, 36, [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] . Disregarding the finite lifetime of the gravitino for now, the Boltzmann equation for the gravitino number density can be written as
where n rad = ζ(3)T 3 /π 2 is the number density of any single bosonic relativistic degree of freedom, and where σv is the thermally-averaged gravitino production cross section. This average cross section can be written as [37, 55, 58, 60] with σv top = 1.29 where A t is the top-quark supersymmetry-breaking trilinear coupling, and 
where the mg i are the gaugino masses and the constants c i , k i depend on the gauge group (see [37] for details). The first term in the gaugino mass-dependent factors (1 + m
2 3/2 ) corresponds to the production of the transversely polarized gravitino, while the second term is associated with the production of the longitudinal (Goldstino) component. In what follows we will focus exclusively on the "gauge" contribution to the cross section, which dominates. It is worth noting that Eq. (79) is strictly valid only after the GUT phase transition. At earlier times, the correct expression depends on the SU(5)×U (1) coupling constants. In the absence of the correct cross section in the unbroken phase, we will make use of (79) for any λ 6 for illustrative purposes. Nevertheless, we expect our results to be exact in the case when the phase transition is completed well before the end of reheating.
For an inflaton decay rate with constant Yukawa coupling y, the gravitino yield
can be computed to give, at low temperatures T ≪ 1 MeV [37]
where the factor ∆ accounts for entropy production from flaton decay. Although R-parity is violated in our flipped SU (5)×U (1) model, it is sufficiently sequestered from the observable sector that the the lifetime of the lightest supersymmetric particle (LSP) is much longer than the age of the universe. For example, if the LSP is a neutralino [47] , the LSP can decay through its Higgsino componenth into LF F * via the λ 2 Ffh coupling, followed byν c − S mixing and a SF F * coupling induced at 1-loop. We estimate the rate for this decay to be
corresponding to a lifetime that we estimate to be in excess of 10 72 years for λ 2 ∼ λ 6 ∼ 10 −5 , λ 8 ∼ m s /M P and m LSP ∼ 100 GeV. Therefore, the LSP is as good a candidate for cold dark matter as in R-conserving models. The relic density of cold dark matter produced by gravitino decay, assuming n LSP = n 3/2 , can be written as
where ρ c = 1.054 × 10 −5 h 2 GeVcm −3 is the closure density, and where the factor of 2 is present because we have defined Y 3/2 in terms of n rad = n γ /2. In the absence of entropy production, this leads to the constraint |y| 2.4 × 10 −5 in order to avoid the overabundant production of the LSP. An immediate consequence of Eq. (84) is that the correct relic density can be obtained from gravitino decay when
For ∆ ∼ 10 4 , y ∼ 0.24 when the longitudinal modes are not dominant (m 1/2 ≪ m 3/2 ). However y may be much smaller (and in the range considered above) when either m 1/2 ≫ m 3/2 or m LSP > 100 GeV.
As we have emphasized throughout Section 4, the no-scale flipped SU(5) × U(1) model that we study does not lead in general to a constant Yukawa coupling y during reheating. This fact has important consequences for the production of gravitinos during inflaton decay. Let us for simplicity specialize to the strong reheating scenario discussed in Section 4.2.2. Assume first that the Yukawa coupling |λ (48)). Since the reheating temperature is above the phase transition threshold, the Yukawa coupling y = y 0 6 is constant during reheating, and the gravitino yield would in principle be given by Eq. (82), with the dilution given by Eq. (57). The upper left panel in Fig. 14 shows the growth of the (transverse) gravitino yield 13 during and after reheating for |λ accounting for the phase transition (solid, blue), compared to that assuming y = y 0 6 (dashed, 13 The total gravitino yield can be obtain by multiplying the transverse yield by (1 + 0.56m green) and y = y Φ 6 (dotted, orange). The end of reheating occurs in this case at v ∼ 1. After reheating ends, around v ∼ 166, the number of light degrees of freedom in the plasma is reduced from 1545/4 to 915/4 in accordance with (44) , and the GUT phase transition occurs at v ∼ 10 3 . Note that up until the end of reheating, the gravitino yield follows the y 0 6 prediction, growing as Y 3/2 ∝ 1/T [42] . When the aforementioned change in the number of degrees of freedom occurs, the yield is reduced with respect to the y 0 6 result. As is well known [37, 41, 42, 60] , and also evident from the figure, the gravitino abundance is sensitive primarily to the temperature at the final stages of reheating, after the production of entropy has ceased. Given that in this scenario the phase transition is delayed with respect to the end of reheating, the reduction in Y 3/2 due to the change in g is permanent, as can be seen for v ≫ 1. It must be noted that, despite the difference of the results accounting for the phase transition and assuming y = y 0 6 , their late-time yields and CDM abundances would be similar, since at the end of production g = 915/4 for the former, while g = 1545/4 for the later.
The upper right panel of Fig. 14 demonstrates the evolution of the transverse yield for |λ
−5 in the strong reheating scenario with Λ c = 10 Ď M . In this case, the reduction in the number of degrees of freedom occurs around v ∼ 0.2, shortly before the end of reheating, while the GUT phase transition takes place around v ∼ 4. In contrast to the previous scenario, the change in degrees of freedom results in a yield which momentarily reduced with respect to the y 0 6 result, but it is shortly afterwards increased due to the enhanced production rate at lower temperature. As in the previous case, since the transition occurs during the latest stages of entropy production, the difference between the result accounting for the transition and assuming y = y 0 6 is permanent; in this case it leads to a net enhancement in
The lower left panel of Fig. 14 shows the time dependence of the transverse yield for |λ curve. However, in this case the SU(5)× U(1) → SU(3)×SU(2)×U(1) transition occurs around v ∼ 1, right by the end of reheating. At this moment the universe becomes radiation dominated, but the decay of the inflaton is not yet complete. Thus, although for v 1 the gravitino yield starts to freeze due to the absence of significant entropy production, it is posteriorly diluted around v ∼ 10, when the s → ν c 1 Φ decay channel dominates, which releases an additional amount of entropy. For the particular parameter values chosen herein, this entropy release overcompensates for the aforementioned enhancement, and results in a yield that is reduced relative to that assuming a constant y = y 0 6 . For |λ 10 6 | 2.7 × 10 −5 , or equivalently T reh 0.47 Λ c , the GUT phase transition will occur before the end of reheating. We therefore expect that in this case the final yield will be given by (82), with the Yukawa coupling y curve. After the phase transition takes place, the gravitinos are diluted at the same rate as the s-decay products and Y 3/2 ∼ const., until the latter start being produced copiously again around v ∼ 0.1, at which point Y 3/2 decreases until it reaches its equilibrium value with respect to the ν c 1 Φ channel, shortly after the end of reheating 14 . Note that in this case all evidence of the finite duration of the GUT phase transition has been erased.
The effect of the GUT phase transition on the relic gravitino yield, and hence on the primordial dark matter abundance, is shown in Fig. 15 as a function of λ we have considered the dilution factor g(T )/g reh ≃ 0.017 due to the difference in the number of degrees of freedom between the MSSM and the Standard Model at T ≪ 1 MeV; for the y 0 6 curve, the dilution factor is given by g(T )/g reh ≃ 0.010. We have also accounted for the entropy dilution factor ∆ due to the late decay of the flaton Φ, which in the strong reheating case is given by (57) ; for definiteness we have considered λ 2.7 × 10 −5 the final yield has a numerical value close to that assuming that the F 1H operates exclusively, although it is larger due to the difference in degrees of freedom discussed above. As expected, for larger values of the Yukawa coupling, the agreement between both is better. For |λ 10 6 | 10 −5 , the resulting yield is indistinguishable from its value assuming the ν c 1 Φ channel operates exclusively. Note that in the absence of a significant contribution to the gravitino yield from the production of the longitudinal component, the observed CDM closure fraction is saturated at |λ 10 6 | ∼ 0.3. Nevertheless, if m 1/2 ≫ m 3/2 or m LSP > 100 GeV, the dark matter abundance may be easily saturated for much smaller values of the Yukawa coupling. We also note that for |λ 10 6 | 0.3, in the edge of validity of the perturbative approximation, the numerically computed yield deviates from the power law dependence (82), which is strictly valid only for |y| ≪ 1 [37] . Fig. 16 shows the relic gravitino yield and dark matter abundance as a function of λ Fig. 15 is striking, and it is due to the dependence of the entropy dilution factor ∆ on the λ 6 coupling, illustrated in Fig. 10 . For a constant ∆, the shape of the yield curve would be similar to that in the strong reheating scenario, centered at |λ . It is clear in this case that the enormous entropy dilution prevents the saturation of the observed dark matter abundance by its production through gravitino decays.
CMB constraints
We now consider the constraints on the decay rate of the inflaton that result from the altered cosmological history between reheating and BBN. The entropy increase due to the decay of the flaton at late times modifies the relation between the decay rate and the number of e-folds to the end of inflation. Denoting by k * the comoving pivot scale, we can write the 14 The end of the reheating process in this case is dominated by ν c 1 Φ final states, which do not themselves thermalize as their interactions are all suppressed by the GUT scale. However, as we discuss in the next Section, when λ The left vertical axis corresponds to the numerically calculated yield including the dilution factor ∆ given by (57) . The right vertical axis shows the corresponding CDM closure fraction, assuming m LSP = 100 GeV. The left vertical axis corresponds to the numerically calculated yield including the dilution factor ∆ given by (66) , (73) and (74) . The right vertical axis shows the corresponding CDM closure fraction, assuming m LSP = 100 GeV.
relative size of its present physical wavelength to the present horizon as follows,
where a 0 and H 0 denote the present cosmological scale factor and Hubble expansion rate, respectively, N * is the number of e-folds to the end of inflation, H * is the expansion rate at horizon crossing, and where the subindices "end", "reh" and dΦ indicate evaluation of the corresponding energy densities ρ and scale factors a at the end of inflation, the end of reheating and the decay of Φ, respectively. Solving for N * we obtain the following expression .
This result differs from the standard relation [2-4, 18, 62, 63] in that the last term explicitly accounts for the increase in entropy [64, 65] between the end of inflation and today due to the decay of the flaton Φ, 
Evaluating the right-hand side of (87) 
where STH denotes a standard thermal history, with entropy conservation following the end of reheating. Let us first evaluate (89) assuming the strong reheating conditions are verified; when this is the case the entropy dilution factor has the λ 6 -independent value (57) . Although an analytical approximation for N * is available assuming a pure Starobinsky potential for the inflaton s [38] , we will solve (89) numerically to allow for added generality the potential
which arises after integrating out the dynamics of the heavy singlets φ i during inflation, assuming a strongly segregated inflaton sector, λ and the deformation parameter ζ assuming strong reheating with Λ c = 10 Ď M. The light gray (gray) shaded area corresponds to the 95% (68%) PBK CL region at low tensor-to-scalar ratio [66] .
badly violated and the simple picture of reheating that we have considered in this paper breaks down [18] . Figure 17 shows the result of the numerical solution of (89) ; shaded in gray are the Planck+BICEP2/Keck (PBK) 68% and 95% confidence level regions for n s at low tensor-to-scalar ratio [66] . The effect of the potential deformation The light gray (gray) shaded area corresponds to the 95% (68%) PBK CL region at low tensor-to-scalar ratio [66] .
is clear in this case, where an increasing ζ leads to a steeper inflaton potential and therefore to an increased n s relative to ζ = 0. For pure Starobinsky, the scalar tilt lies within the 95% (68%) CL region for |λ 10 6 | 6 × 10 −11 (4 × 10 −5 ). Let us now consider moderate reheating, with dilution factor ∆ given by (66) , (73) and (74) . Figure 18 1,2,3,7 ∼ 1. Analogously to the strong reheating case, both panels closely mimic the gravitino abundance curve shown in Fig. 16 : N * and n s are approximately constant for |λ 
Neutrino Mass Structure and Leptogenesis
As we have seen above, the coupling λ i0 6 plays a crucial role in both reheating and the generation of gravitinos. In this Section, we discuss a third role of this coupling-the generation of light neutrino masses. For clarity, we study here a single-generation version of the neutrino mass matrix for ν i , ν c i , andS (the fermionic partner of the inflaton S), as in Ref. [18] :
neglecting for simplicity mixing with the other generations as well as potential CP phases in the couplings in the mass matrix. (For more generic expressions, see Ref. [26] .) The mass eigenvalue of the lightest state, which corresponds to one of the electroweakly-interacting (active) neutrinos, is then given by
where we have used in the second part of the equation the relation that follows from Yukawa unification in flipped SU(5)×U(1). The mass eigenstates of the heavier neutrinos were already given in Eq. (21) . The inflaton mass m s is fixed to be ≃ 3 × 10 13 GeV, while ν cH is a GUT-scale expectation value, which is fixed at 10 16 GeV. We thus find from Eq. (93) that one of the light neutrino masses, m ν i , is predicted as a function of the coupling λ In Fig. 19 we plot neutrino masses m ν i as functions of the coupling |λ i0 6 | for i = 1, 2, 3 as the blue solid, green dashed, and brown dashed-dotted lines, respectively, for m s = 3 × 10 13 GeV and ν cH = 10 16 GeV. The gray shaded area is excluded by the limit on the sum of the neutrino masses set by the Planck 2018 data [3] :
i m ν i < 0.12 eV. As we see, the Planck bound gives lower limits on the λ 
We then conclude from the limit on λ weak reheating scenario is incompatible with the Planck limit on i m ν i . Moreover, in the case of the moderate reheating scenario, the entropy release is maximum, ∆ ∼ 5 × 10 17 , as shown in Eq. (66) and Fig. 10 .
We can also obtain a lower bound on the neutrino mass from the upper bound on λ i0 6 . We recall that, since λ i0 6 controls directly the reheating temperature and therefore the gravitino abundance, we obtained in Eq. (84) the relic abundance of cold dark matter produced in gravitino decays. To avoid the overabundance of dark matter, we have an upper limit on λ 
shown as the vertical dotted line in Fig. 19 . Thus we obtain
using our canonical choices for m s and ν cH and m u,c,t = 2.3 × 10 −3 , 1.27, 174.2 GeV. As we see, all of the three cases are compatible with neutrino data. We also note in passing that the LSP abundance from the non-thermal gravitino decay agrees to the observed dark matter density at the border of the gravitino bound (|λ i0 6 | ≃ 7.6 × 10 −2 ), if we assume the thermal relic abundance of the LSP is negligibly small.
In Fig. 20 we show the masses of the heavier neutrino states as functions of |λ i0 6 | together with the inflaton mass m s = 3 × 10 13 GeV, shown by the horizontal gray dotted line. As can be seen from the figure, one of the heavier neutrino states is lighter than the inflaton mass for |λ i0 6 | 4 × 10 −3 ; in this case, the inflaton can always decay into flaton and the heavy neutrino state as we discussed in the previous sections. Our results also impact the generation of a baryon asymmetry through leptogenesis [69] . As we have just noted, in the case of the moderate reheating scenario, a huge amount of entropy is released, which makes it impossible to explain the observed baryon asymmetry with leptogenesis. We thus focus on the strong reheating scenario. In this case, when |λ i0 6 | > 2.7 × 10 −5 the GUT symmetry is not broken until reheating is complete, and thus right-handed (singlet) neutrinos are initially massless. They are copiously produced and in thermal equilibrium with their number density given by
where s denotes the entropy density. When the temperature of the Universe becomes 0.47Λ c , the GUT phase transition occurs and these right-handed neutrinos acquire large masses. Since the phase transition proceeds incoherently, and its time scale is quite short, we can assume that right-handed neutrinos become massive almost instantaneously. These righthanded neutrinos are out of equilibrium after the phase transition and decay non-thermally [31] if λ 
Summary
We have developed in this paper a prototypical scenario for physics from the string scale to that of neutrino masses. Any such scenario should include mechanisms for inflation and the breaking of GUT and electroweak symmetries, as well as mechanisms for neutrino masses (presumably via a seesaw) and baryogenesis (presumably via leptogenesis). The scenario we have developed here is based upon elements that we have advocated in earlier papers, which we have combined here in a consistent framework for the dynamics of the early universe. Although this dynamics is complicated, we have found a successful realization of our scenario that is insensitive to most of the model parameters.
The general framework is that of no-scale supergravity, which has the virtues of being derivable as the effective field theory of supersymmetric compactifications of string theory, on the one hand, and avoiding anti-de Sitter 'holes' in the effective potential and the 'η problem', on the other hand. Moreover, as we have emphasized previously, it provides for a simple realization of cosmological inflation whose predictions resemble those of the Starobinsky model [5] , which are compatible with all the CMB measurements to date 15 . As we have discussed in Section 6, our scenario yields values of the tensor-to-scalar ratio r that are very similar to those of the Starobinsky model and favours values of the scalar tilt n s that are consistent with current constraints. However, as seen in Figs. 17 and 18 , our scenario offers the possibility of constraining model parameters via future measurements of n s .
Our scenario adopts the SU(5)×U(1) flipped model of grand unification summarized in Section 2, which has also been derived from string theory [15, 16] . This model avoids rapid baryon decay via dimension-5 operators, which are the bane of other supersymmetric GUT models, and contains a suitable seesaw mechanism for obtaining small masses for the active neutrinos, as seen in Eqs. (92) and (93). We recall that in this model, the first stage of GUT symmetry breaking is due to vev's for SU(3)×SU(2)×U(1)-singlet 'heavy neutrino'-like fields in 10 and 10 representations of SU(5), denoted by H andH. As seen in Fig. 19 , this mechanism yields masses for the light active neutrinos m ν i that are comfortably consistent with the upper limit on i m ν i from the Planck 2018 data [3] . As also discussed in Section 7, our scenario also provides for baryogenesis via leptogenesis, with all three heavy neutrinos participating.
However, these conclusions depend on the strength of reheating during the expansion of the universe, for which we distinguish three scenarios that are classified in Fig. 4 . Indeed, we find that weak reheating is incompatible with the Planck limit on the sum of neutrino masses, whereas the observed baryon asymmetry cannot be reproduced in moderate reheating. However, both neutrino masses and the baryon asymmetry can be explained in strong reheating, which we therefore prefer.
Our analysis of dynamics during the early universe and reheating has been set out in Section 4. As discussed there, there are two stages of reheating in our scenario, one associated with the decay of the inflaton, which is some combination of singlet fields φ a , and another associated with the GUT SU(5)×U(1) → SU(3)×SU(2)×U(1) phase transition. The latter is associated with the flaton, a combination of SU(3)×SU(2)×U(1) singlet fields in the H and H multiplets, which evolve along a D-flat direction, as described in Section 3. The conditions for the preferred possibility of strong reheating are discussed in detail in Section 4.2.
One of the constraints on reheating scenarios is provided by gravitino production in the early universe, which was discussed in Section 5. As is well known, there are constraints on the cosmological gravitino abundance that are imposed, in particular, by the density of dark matter particles produced in its decays 16 . Many of the important aspects of our scenario are controlled by one key parameter, the coupling λ 6 between 10 matter, GUT Higgs and singlet fields: λ 6 FHφ in (2). This coupling controls inflaton decay -see Eq. (24), the CMB observable n s -see Fig. 17 , and neutrino masses -see Eqs. (92) and (93). It is non-trivial that acceptable values of all these quantities can be obtained with a common value of λ 6 , and it is interesting that measurements of n s and neutrino masses could in principle be used to constrain better this parameter in the future.
As we have emphasized at the beginning of this Section, the ambitious scenario we have presented in this paper is a prototype that is vulnerable to modification or exclusion by future data. Nevertheless, we hope and expect that some of the considerations we have assembled and used in this paper may be incorporated usefully into the future refined phenomenology of particle physics and cosmology below the string scale.
